We report a detailed structural and optical characterization of high-quality GaInNP films. These films were grown by gas-source molecular-beam epitaxy on GaAs ͑100͒ substrates. These epitaxial layers were then characterized by a high-resolution x-ray rocking curve ͑HRXRC͒ and photoluminescence ͑PL͒ measurements. With nitrogen incorporation, the PL peak redshifts, indicating bandgap reduction and the line-width broadening increases due to alloy scattering. The anisotropic properties of the polarized HRXRC and polarized piezoreflectance spectra are used to prove the spontaneous ordering in GaInP incorporating nitrogen. Furthermore, ordering-induced superlattice-like microstructure shown in high-resolution transmission electron microscope images is used to confirm the spontaneous ordering in Ga 0.44 In 0.56 N x P 1Ϫx epitaxial layers.
Recently, Ga 0.52 In 0.48 P grown lattice-matched to GaAs has received considerable attention due to its potential applications in optoelectronic and electronic devices, such as semiconductor lasers, 1 heterojunction bipolar transistors ͑HBTs͒, 2 and high-efficiency tandem solar cells. 3 Ga 0.52 In 0.48 P/GaAs structures have significant advantages over AlGaAs/GaAs structures in larger valence-band discontinuity, better etch selectivity, and smaller oxidation effect.
Nitrogen incorporation drastically reduces the bandgap energy in Ga x In 1Ϫx As, with the majority of the reduction resulting from lowering of the conduction band. 4 A similar effect in Ga x In 1Ϫx P incorporation nitrogen has been reported in Ref. 5 . Thus, Ga y In 1Ϫy N x P 1Ϫx may be a suitable material for the emitter and collector of HBTs, especially blocked hole bipolar transistors ͑BHBTs͒. 6 Spontaneous ordering in Ga x In 1Ϫx P has been widely investigated in recent years. 7, 8 Depending on its growth conditions, Ga x In 1Ϫx P could be grown on GaAs substrate orderly or disorderly, 9 which results in the discrepancy of bandgap energy. The ordering phenomenon in such compounds is a very important property, which will make changes in the electronic and optical properties. Up to now, there has been no article about spontaneous ordering in Ga y In 1Ϫy N x P 1Ϫx . In this study, we prepared Ga 0.46 In 0.54 N x P 1Ϫx (x from 0 to 0.02͒ epitaxial layers. PL and high-resolution x-ray rocking curve ͑HRXRC͒ analysis are used to characterize these samples. The observation of the ordering phenomenon in Ga y In 1Ϫy N x P 1Ϫx epitaxial layers by using the anisotropy of the polarized HRXRC measurement, polarized piezoreflectance ͑PzR͒ spectra, and high-resolution transmission electron microscope ͑HRTEM͒ is reported.
All the samples used in this study were grown on GaAs ͑100͒ semi-insulating substrates by gas-source molecularbeam epitaxy using elemental Ga and In, thermally cracked arsine ͑AH3͒, phosphine ͑PH3͒, and a rf plasma nitrogen radical beam source. After removing the surface oxide of the GaAs substrate at 620°C under an As 2 flux, a 1000-Å-thick buffer GaAs layer was grown. The substrate temperature was then, lowered to the growth temperature, between 380 and 480°C, and a nitrogen plasma was ignited. Growth was monitored by reflection high-energy electron diffraction. Undoped 2350-Å-thick Ga 0.44 In 0.56 N x P 1Ϫx layers were grown for this study. The compositions of In and N were determined by HRXRC and theoretical dynamic simulations. 10 HRXRC measurement was performed using a Bede x-ray diffractometer. Photoluminescence ͑PL͒ measurement was carried out at room temperature by using the 514.5 nm line of an Ar ϩ laser as the excitation source. A GaAs photomultiplier tube was used to detect the signal at the exit of a 50 cm monochromator. A conventional lock-in amplifier was used for synchronous measurement. For the verification of spontaneous ordering in Ga 0.44 In 0.56 N x P 1Ϫx layers, a polarized HRXRC and PzR measurement toward ͓110͔ and ͓1-10͔ polarizations was performed. The PzR measurements were achieved by gluing the thin sample on a 0.15-cm-thick lead zirconate titanate piezoelectric transducer driven by a 300 V rms sinusoidal wave at 200 Hz. In order to enhance the modulation effects, the substrate of the sample was polished with successively finer grades of silicon carbide grinding paper to a thickness of about 100 m. The alternating expansion and contraction of the transducer subjected the sample to an alternating strain with a typical rms ⌬l/l value of ϳ10-5. taxial layers with xϭ0, 1%, and 2%. The HRXRC of Ga 0.46 In 0.54 P epitaxial layer shows a 0.42% mismatch. With nitrogen incorporation, the peak of XRC moves toward the peak of the GaAs substrate, indicating that the mismatch between the epitaxial layer and GaAs substrate decreases. However, the epitaxial quality becomes poor for samples with nitrogen incorporation. For the samples with nitrogen content equal to 2%, the splitting peak of XRC reveals the poor epitaxial quality. Figure 2 shows the RT PL spectra of Ga 0.46 In 0.54 N x P 1Ϫx epitaxial layers with xϭ0, 0.5%, and 1%. The PL peaks are located at wavelengths 679.2, 695.2, and 711.5 nm for nitrogen content equal to 0%, 0.5%, and 1%, respectively. With nitrogen incorporation, the linewidth increases due to the alloy scattering, and the redshift of the PL peak indicates bandgap reduction. As shown in Fig. 2 , the peak intensity decreases as nitrogen incorporation increases. There are no PL spectra measured for the samples with 2% nitrogen incorporation. Except for the sample without nitrogen incorporation, there exists a long tail at the higher wavelength observed in the PL spectra. This is supposed to be the nitrogen-induced trap level, including nitrogen isolated centers, nitrogen pairs, and clusters in the samples with nitrogen incorporation. The illustration inset at the upper right corner of the Fig. 2 shows the PL spectra in logarithm scale. The peak observed at 876.2 nm is contributed by GaAs. Figure 3 shows the HRXRC of the sample with nitrogen content xϭ1% for ͓110͔ and ͓1-10͔ polarizations. One more peak adjacent to Ga 0.46 In 0.54 N 0.01 P 0.99 peak is observed in the HRXRC for the ͓1-10͔ polarization, which vanishes for the ͓110͔ polarization. The anisotropic properties for the different polarizations are supposed to result from the spontaneous ordering in the Ga 0.46 In 0.54 N 0.01 P 0.99 epitaxial layer. Figure 4 shows the RT PzR spectra of the samples with nitrogen content xϭ0, 0.5%, and 1% for E ʈ ͓110͔ and E ʈ ͓1-10͔ polarizations. The features near band edge are strongly polarization dependent, indicating the existence of some degree of ordering for these samples. The results are confirmed by HR-TEM study of the samples taken from the same wafers. Figure 5 shows the typical ͓110͔ zone-axis HRTEM image taken from the sample with nitrogen content xϭ0.5%. The ordering-induced supperlattice-like microstructure is obviously seen in this image. It also shows some degree ordering and localized clustering in the sample.
HRXRC and PL measurements are used to characterize the dilute nitrogen incorporation GaInP system. PL spectra show a long tail at higher wavelength, which is supposed to 
